Abstract Although there is substantial evidence of abnormal Ca2+ homeostasis in heart cells of the cardiomyopathic Syrian hamster (Bio 14.6 strain), the mechanism by which these myocytes become Ca2'-overloaded is not Ca2+ currents were measured in cardiomyopathic (Bio 14.6 strain) and normal control (FIB) cardiac myocytes.
elucidate the role of voltage-sensitive Ca> channels in the pathogenesis of myopathy, whole-cell Ca2+ currents were measured in myopathic and normal control cardiac myocytes. These studies demonstrate the presence of two voltagesensitive Ca> channel types in ventricular myocytes isolated from 200-to 300-day-old cardiomyopathic and age-matched normal hamsters. The two Ca>2 channel types were identified by their unitary conductance properties and pharmacologic sensitivities. Both L-type and T-type Ca> channels were present in cardiomyopathic and normal cells. Current density through L-type Ca 2> channels was the same in cardiomyopathic and normal control myocytes. However, the mean current density of T-type Ca> channels in cardiomyopathic cells was significantly higher than in normal cells (myopathic, 12. 3-+-1.8 pA/pF; normal, 5.8+1.1 pA/pF; n=8; P<.01). The T-type Ca2+ current in cardiomyopathic myocytes was activated and inactivated at more negative potentials than in cells from normal hamster hearts. These findings demonstrate no abnormality of the dihydropyridine-sensitive voltage-dependent L-type Ca> channel. In contrast, the observed abnormalities in T-type Ca 2+ channel function in cardiomyopathic hamster myocytes suggest that this alteration may be related to the pathogenesis of Ca2+ overload and the arrhythmias in this genetically determined form of cardiomyopathy. (Circ Res. 1994 No 1 July 1994 flask was shaken at 37°C for 15 minutes, and tissue pieces were transferred to Ca`2-free enzyme buffer with 2.0% bovine serum albumin. Tissue pieces were mechanically dissociated by gently triturating 10 to 15 times with a 5-mL pipette (tip diameter, 3 mm). The isolated myocytes were filtered through Nitex mesh and collected in a centrifuge tube. Cells were centrifuged two times at 500 rpm for 1 minute in Ca`2-free K-H buffer to remove dissociation enzymes. The isolated myocytes were resuspended in 0.6 mmol/L Ca 2 solution. The cells were permitted to attach to 12-mm circular glass coverslips coated with collagen. The viability of isolated cardiac myocytes from cardiomyopathic and normal hamsters was assessed by adding an aliquot of cell suspension to an equal volume of physiological buffer containing 0.4% Trypan blue. Cells were considered viable if they were rod-shaped, had clear cross striations, and excluded Trypan blue. Disaggregation of myocytes from a single heart produced :'S5 x 106 cells from either cardiomyopathic or normal hamsters. Although there was some variability in the number of viable cells produced per experiment, --80% of the cells harvested from normal hamster hearts and 75% of those from cardiomyopathic hamsters were rod-shaped after a 5-minute incubation in physiological buffer containing 0.6 mmol/L [Ca2']0. The morphology by phasecontrast microscopy of isolated cardiac myocytes from cardiomyopathic and normal hamsters was indistinguishable. We have previously used myocardial cells isolated by use of this same procedure for the study of Ca 2+ homeostasis and contractile function. 1 
Tight-Seal Whole-Cell Recording
The whole-cell voltage clamp was carried out by the suction pipette method.12 The pipettes were made of Boralex glass (Rochester Scientific), pulled by a two-stage puller (PE-2, Narishige), and heat-polished before use. An Axon amplifier (Axon Instruments, Inc) was used for the voltage-clamp experiments. Protocol generation and data acquisition were controlled by an IBM/AT and a 12-bit analog-to-digital and digital-to-analog converter (Axon Instruments) with the use of PCLAMP software (Axon Instruments). Data were filtered at 3 kHz by a three-pole Bessel filter incorporated in the Axopatch-1C amplifier, digitized on-line at a sampling interval of 0.3 millisecond, and stored on floppy diskettes for off-line analysis. The stray capacitance was compensated by the capacitance compensation circuit of the Axopatch-lC amplifier. In experiments kept for analysis, the series resistance remaining after compensation did not exceed 2.5 MQl. Linear components of capacitance and leak currents have been subtracted digitally from all recordings shown by using scaled current from signal-averaged small pulses that elicited no ionic current. 30 ,umol/L TTX completely blocked Na+ current in both myopathic and normal cells (data not shown). The overall concentration-effect curve for TTX on Na+ current was sigmoidal, with an EC50 of ""5 x 10 6 mol/L at a membrane potential of -30 mV. No significant difference was observed in sensitivities to TTX of cardiomyocytes from normal and myopathic hamsters.
As shown in Fig 1A, in cardiomyopathic cells the peak magnitude of the T-type current was larger than that in normal myocytes, whereas the cells from normal and myopathic hamster hearts shown in this example had indistinguishable cell capacitance. We also compared the current density of T-type and L-type Ca'+channels, since the mean cell capacitance was significantly greater in cardiomyopathic myocytes, presumably because of cell hypertrophy, compared with that in age-matched normal myocytes." With 20 mmol/L Ba2`as the charge carrier, the current density of T-type Ca'+ channels in cardiomyopathic cells was significantly higher than that in normal cells (12.3+1.8 and 5.8±1.1 pA/pF, respectively), with a -90 -mV holding potential and a -30-mV testing potential (n=8, P<.01), as shown in These results indicate that there is a substantial increase in T-type Ca'+channel current density in cardiac myocytes from cardiomyopathic hamsters. 16 In contrast, as shown in Fig 2, when the membrane holding potential was -50 mV with a -10-mV testing potential, the maximal current was the same in myo- Fig 3B, showing superimposed tracings of L-type currents, the currents were elicited at +20 mV from varying holding potentials. The peak amplitudes of both T-and L-type currents were normalized and plotted against the membrane potentials in Fig 3C and 3D and from 3.9±1.2 to 8.1±1.1 pA/pF in myopathic cells (n=8, P<.01). Therefore, both the size and kinetics of the transient current component are the same in both solutions ( Fig 5C) . As shown in Fig 5D, in normal The time course of decay of T-type currents during depolarization was studied by fitting the current change between the inward peak and current level 100 milliseconds after depolarization with a single-exponential function. As shown in Fig 4, cardiomyopathic hamster heart at the stage studied. The L-type Ca> channels show no demonstrable abnormality as judged by whole-cell clamp studies, in agreement with our finding of no appreciable difference in the numbers of dihydropyridine binding sites in cells from the same source. 26 The lack of change in affinity for a dihydropyridine ligand is also consistent with the absence of any major change in the structure of the channel, at least in the dihydropyridine binding domain. Although no significant difference in Na+ current density was observed between myopathic and age-matched normal cells, we cannot exclude the possibility that there is abnormal Na+ channel expression, since the present study was done with only 40 mmol/L Na+ in the extracellular solution. Measurement of Na+ current with more physiological [Na+]0 present is needed to compare the Na+ current density and kinetics in this experimental model.
Our results indicate that there is considerably increased T-type Ca>2 channel current density in cardiac myocytes from cardiomyopathic hamsters and that these channels show abnormal activation and inactivation kinetics. This change in T-type Ca>2 channel properties may be a clue to the pathogenetic process, but its role in Ca>2 overload is not clear. The abnormal T-type Ca>2 channel properties in this genetically determined cardiomyopathy suggest that this alteration may contribute to the pathogenesis of Ca2+ overload as a consequence of enhanced transsarcolemmal Ca>2 influx through this pathway. The increase of the T-type Ca>2 channel current might also contribute to the abnormalities in electrophysiological properties and arrhythmogenic potential in this form of cardiomyopathy.
